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Abstract
The challenge of building a scalable quantum processor requires consolidation of the conflicting
requirements of achieving coherent control and preservation of quantum coherence in a large scale
quantum system. Moreover, the system should be compatible with miniaturization and integration
of quantum circuits. Mesoscopic solid state systems such as superconducting islands and quan-
tum dots feature robust control techniques using local electrical signals and self-evident scaling
based on advances in fabrication; however, in general the quantum states of solid state devices
tend to decohere rapidly. In contrast, quantum optical systems based on trapped ions and neu-
tral atoms exhibit dramatically better coherence properties, while miniaturization of atomic and
molecular systems, and their integration with mesoscopic electrical circuits, remains an important
challenge. Below we describe methods for the integration of a single particle system – an isolated
polar molecule – with mesoscopic solid state devices in a way that produces robust, coherent,
quantum-level control. The methods described include the trapping, cooling, detection, coherent
manipulation and quantum coupling of isolated polar molecules at sub-micron dimensions near
cryogenic stripline microwave resonators. We show that electrostatically trapped polar molecules
can exhibit strong confinement and fast, purely electrical gate control. Furthermore, the effect of
electrical noise sources, a key issue in quantum information processing, can be suppressed to very
low levels via appropriate preparation and manipulation of the polar molecules. Our setup provides
a scalable cavity QED-type quantum computer architecture, where entanglement of distant qubits
stored in long-lived rotational molecular states is achieved via exchange of microwave photons.
2
Polar molecules [1] have exceptional features for use in quantum information systems.
Stable internal states of polar molecules can be controlled by electrostatic fields, in analogy
with quantum dots and superconducting islands [2, 3, 4, 5]. This controllability of polar
molecules is due to their rotational degree of freedom in combination with the asymmetry
of their structure (absent in atoms). By applying moderate laboratory electric fields, rota-
tional states with transition frequencies in the microwave range are mixed, and the molecules
acquire large dipole moments (on the order of a few Debye, similar to the transition dipole
moments of optical atomic transitions). These dipole moments are the key property that
makes polar molecules effective qubits in a quantum processing system. Furthermore, ap-
plication of electric field gradients leads to large mechanical forces, enabling trapping of the
molecules. Finally, polar molecules also combine the large-scale preparation available for
neutral atoms [6, 7] with the ability to move them with electric fields, as with ions [8, 9, 10].
We here show that trapping the molecules at short distances from a superconducting
transmission line resonator greatly enhances the coupling of the molecular rotational tran-
sitions to microwave radiation, leading to methods both for cooling the molecule and for
manipulation of the molecule as a qubit. The qubit can be encoded in rotational states
and coherently transferred to the resonator. It has already been shown that the strong
free-space dipole-dipole coupling of polar molecules is viable for construction of a quantum
computer[11]. Here we show that coupling to and through a resonator enables high fidelity
quantum gates at a distance as well as cooling, high fidelity readout, and the construction
of a potentially scalable quantum information processor.
Chip-based microtraps for polar molecule qubits
In a polar molecule, the body-fixed electric dipole moment (µ) gives rise to large tran-
sition moments between rotational states, which are separated by energies corresponding
to frequencies in the microwave range. The level structure of a diatomic rigid rotor is de-
termined by the Hamiltonian Hrot = ~BN
2, where N is the rotational angular momentum
and B is the rotational constant. This Hamiltonian gives energy levels EN = ~BN(N + 1)
that are (2N + 1)-fold degenerate, corresponding to the different projections mN . In the
presence of a DC electric field EDC = EDC zˆ, the Stark Hamiltonian HSt = −µ·EDC mixes
rotational states and induces level shifts that break the degeneracy between states of dif-
ferent |mN |. Two of the low-lying states, |1〉 ≡ |N = 1〉 ≡ |N = 1, mN = 0〉 and
|2〉 ≡ |N = 2〉 ≡ |N = 2, mN = 0〉 with corresponding eigenenergies E1 and E2, are
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weak-field seeking; i.e., their energy increases with larger EDC . We take these two states
as the working rotational qubit states for the system. As discussed below, qubits stored in
spin or hyperfine states can be transferred to these rotational qubits with microwave pulses.
A static electric field minimum can be formed in free space, allowing for trapping of these
low-field-seeking molecules.
The maximum trap depth possible, determined by the maximum Stark shift of the |1〉
state, is Umax ≈ 0.6~B, attained at an electric field EmaxDC ∼ 6~B/µ. The energy splitting
between rotational states, ω0, is field dependent due to mixing with other |N,mN〉 states.
However, under all conditions discussed in this paper the relation ω0 ≡ (E2−E1)/~ = 4B is
valid to within 10%. Explicit calculations of the molecular energy levels as a function of EDC
are shown in Fig. 1. For concreteness, throughout the paper we use CaBr as our example
molecule, although many others share the desired properties for quantum computation in
our scheme. For CaBr, µ = 2π × 2.25 MHz V−1 cm (4.36 Debye), B = 2π × 2.83 GHz,
Umax ≈ 80 mK, EmaxDC ≈ 7× 103 V cm−1 and ω0 = 2π × 11.3 GHz.
A variety of macroscopic electrostatic traps for polar molecules have been proposed and/or
implemented [12, 13, 14]. We here describe a novel Electrostatic Z-trap (EZ trap, Fig. 2a),
a mesoscopic electric trap that is closely related to the magnetic Z trap[7], which is widely
used in miniature atomic traps. The EZ trap creates a non-zero electric field minimum in
close proximity to the surface of a chip. The field at the bottom of the trap is designated
EoffDC . Metallic electrodes set to the appropriate DC voltages give rise to the inhomogeneous
trapping field. Adjustment of the trap and bias electrodes sets the trap depth as well as
EoffDC and the position of the trap center, typically at height z0 ∼ w above the surface, where
w is the typical spacing between the trap electrodes.
With EZ trap electrodes thin compared to w and held at voltage VEZ , maximum DC
electric fields EmaxDC ∼ VEZ/w can be generated, leading to harmonic trap potentials with
depth U0 ∼ 0.1 µEmaxDC and motional frequency ωt ∼
√
2U0/(mw2) for a molecule of mass
m. With electrode dimensions ranging from w = 0.1 − 1 µm and corresponding voltages
VEZ ∼ 0.1− 1 V, U0 ∼ Umax and ωt ∼ 2π × 6− 0.6 MHz for CaBr. Note that the trapping
potential is only slightly modified by the van der Waals interactions of the molecules with
the chip surface (see Methods).
To efficiently load the EZ trap, it is necessary to have a source of cold polar molecules
that can achieve phase-space density Φ comparable to that for a single molecule in the
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EZ trap, i.e., Φ ∼ w−3U−3/20 (∼ 1015 cm−3K−3/2 for our nominal conditions). While this
value is beyond what has yet been achieved with polar molecules, it seems feasible with
several methods currently under development. For example, pre-cooled molecules (produced
using, e.g., techniques such as buffer-gas cooling [15] or Stark slowing [12]) could be trapped
and then further cooled to increase Φ, using a variety of techniques. Possibilities include
evaporative[16, 17, 18] or sympathetic cooling, cavity cooling[19], or the stripline-assisted
side-band cooling described below. With sufficient phase space density, mode matching to
a micron-sized EZ trap configuration should be possible using electrostatic fields [20].
Cavity QED with polar molecules and superconducting striplines
Superconducting stripline resonators [21] can be used to confine microwave fields to an
extremely small volume [22], V ∼ w2λ≪ λ3, where λ is resonant wavelength. One important
consequence is the large vacuum Rabi frequency g = ℘E0/~ for molecules located close to
such a resonator, enabling coherent coupling of the molecule to the quantum state of the
resonator field. (Here ℘ is the transition dipole matrix element and E0 ∝ V −1/2 is the
zero-point electric field; ℘ ≈ 0.5µ under the relevant conditions.)
When the microwave field is confined to a resonator and is quantized, the coupling be-
comes the well-known [23] Jaynes-Cummings Hamiltonian Hˆ = −~g(aˆ†σˆ− + aˆσˆ+), where
aˆ is the annihilation operator for the resonator mode, σˆ− = |1〉〈2| is the lowering operator
for the molecule, and |1〉, |2〉 are the two states coupled by the field. The value of g can
be calculated as follows (see also [24]). The stripline zero-point voltage is V0 =
√
~ω/(2C),
where C is the effective capacitance of the stripline resonator. For impedance matching
with standard microwave devices, C = π/(2ωZ0), with Z0 = 50Ω. At a height z0 above
a stripline with conductor spacing w, the zero-point electric field is E0 ∼ f(z)V0/w. Here
f(z) is a dimensionless geometric factor describing the reduction of the field away from the
electrodes; f(z) = 1 for z ≪ w and we find through simulation that f(z) ∼ 0.5(w/z) for
z < w. For CaBr trapped at a height z . w = 0.1 − 1 µm above the resonator, the single
photon Rabi frequency in the range g/2π ≃ 400− 40 kHz.
High Q resonators (internal Q’s of 106 have been demonstrated [21, 25, 26]) lead to long
microwave photon lifetime. When coupling to the resonator is stronger than the cavity
decay rate (κ = ω/Q), coherent quantum state exchange between the polar molecule and
the resonator field is possible. That is, for molecules held close to a small resonator, the
electric dipole interaction with the resonator mode is strong enough to reach the strong
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coupling regime of cavity QED [27, 28].
Cooling via resonator-enhanced spontaneous emission
Strong coupling of the molecule to the microwave cavity enhances spontaneous emission
of excited rotational states, which can be employed to cool the trapped molecules. When
molecules are initially loaded into the trap, their temperature may be as high as the trap
depth U0, corresponding to a mean number of trap excitations n¯trap ∼ U0/(~ωt). Depending
on the cold molecule production method employed, n¯trap can be very large. As discussed
below, the best coherence properties for molecular superposition states are achieved when
the molecule is in the ground motional state of the trap. Hence, it is desirable to cool
the motional degree of freedom. The tight confinement of the molecule in the EZ trap
suggests side-band cooling, as done with trapped ions [29] . If the molecule were in free
space this would not be possible due to the low natural decay rate of excited rotational
states, γ < 10−5s−1. However, the cavity-enhanced spontaneous emission makes sideband
cooling feasible.
The absorption spectrum of the trapped molecule in the combined rotational (N = 1, 2)
and motional (n) states , |N, n〉, consists of a carrier at frequency ω0 and sidebands at
frequencies ω0 + (m− n)ωt (n,m = 0, 1, · · · ). Electromagnetic coupling to sidebands arises
due to the position dependence of g. Sideband cooling occurs when a driving field is tuned
to the lower energy sideband |1, n〉 → |2, n− 1〉, while the resonator mode is resonant with
the |2, n〉 → |1, n〉 transition (Fig. 3a). Each scattering cycle reduces the kinetic energy of
the molecule by ~ωt. If κ < ωt, the sidebands can be resolved. The lower energy sideband
state can either be directly excited by an on-resonant driving field or virtually excited by
a red-detuned field. De-excitation occurs by emitting a photon into the resonator, which
can then decay out of the resonator (see Methods). The maximum cooling rate can be
estimated as follows. For g ≪ κ (g & κ), the cavity-enhanced spontaneous emission rate for
the cavity tuned to resonance, ω = ω0, is given by Γc = g
2/κ (Γc = κ/2). For example, with
g = 2π×40−400 kHz and κ = 2π×10 kHz (Q = 106), Γc ∼ 2π×5 kHz; this yields a cooling
rate dn/dt = Γc and hence dE/dt = ~ωtΓc ≈ 10 K/s for trapping frequency ωt ∼ 2π × 5
MHz. Thus, a trapped molecule can be cooled to the motional ground state of the trap with
a rate much higher than the observed trap loss rates of atoms from microtraps – typically
limited by background gas losses.
In the absence of any heating mechanisms, cooling proceeds until the molecule’s mean
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motional quantum number in the trap, n¯t equals the mean number of thermal microwave
photons in the resonator mode, n¯γ. Due to the frequency mismatch between the resonator
mode frequency ω and the trap frequency ωt, the effective final temperature Tt of the trap
degree of freedom is lower than the ambient resonator temperature, Tr, by the large factor
R = ωt
ω
. For example, Tt < 100 µK for Tr = 100 mK. Technical noise sources may lead to a
larger photon occupancy in the cavity than the nominal thermal value n¯ = exp(−~ω/kTr) ∼
5× 10−3. However, it has been shown that n¯γ ≪ 1 is achievable[21].
The location of the EZ trap center is determined by the voltage on the electrodes (Fig. 2a),
so that fluctuations of this voltage cause random motion of the trap center and heating
of the molecule’s motion in the trap. As a worst case, we can assume that the micron-
sized electrodes experience the typical 1/f charge noise as measured in work with single-
electron transistors and charge qubits. These may be roughly analogous (at micron size and
mK temperatures) to the ”patch potentials” observed in ion traps[30]. The typical charge
noise[31] density SQ has a 1/f dependence, with magnitude SQ(f) = 10
−6 − 10−7e2/f ;
on a metal electrode with Ct ∼ 1 fF (typical for µm-scale features, the corresponding
voltage spectral density is SV (f) = SQ/C
2
t ∼ 10
−14
f
V2Hz−1. With the trap operating in the
linear Stark regime, the heating rate, defined as the rate of excitation from |0〉 to |1〉, is
Γ01 ∼ ω2t (w/a0)2 SV (ωt)V 2
EZ
Hz, where a0 =
√
~/(2mωt) is the ground state wavefunction width.
Under our conditions Γ01 ≪ 2π × 1 Hz [32], indicating that cooling to n¯ ≪ 1 should be
feasible. The rate of heating in a real device, along with the actual dephasing rates for a
molecule near the surface of a chip, are important phenomena which must be experimentally
determined.
Polar molecules as quantum bits: encoding, coherence properties, and one-bit gates
Trapped polar molecules, cooled close to their ground state of motion in the EZ trap
and coupled to stripline resonators, represent a good starting point for quantum bits. For
quantum processing, the qubit can be encoded in a pair of trapped rotational states (|1〉
and |2〉) and single qubit operations performed using classical microwave fields. Molecules
coupled through stripline resonators allow for two-qubit operations.
We now consider coherence properties of rotational superpositions. Voltage fluctuations
in the trap electrodes (quantified by SV (f)) cause random fluctuations of the qubit transition
frequency, and hence dephasing of rotational superposition states. Decoherence due to this
voltage noise is determined by the field sensitivity of the rotational splitting, ∂ω0
∂E
, and the
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effective RMS variations of the trap voltage, V effRMS. With proper accounting of qubit phase
fluctuations from a 1/f spectrum[33], V effRMS ∼ 0.2 µV. In the linear Stark regime, and over
a wide range in electric fields, the electric field sensitivity of the qubit transition frequency
is
∣∣∂ω0
∂E
∣∣ ≈ 0.1µ/~ ≈ 2π × 200 kHz/(V/cm) for CaBr, leading to RMS frequency shifts
δω0 = (
∂ω0
∂E
)VRMS/w. For short times, this results in quadratic decay of qubit coherence[34],
with a characteristic rate γV ∼ δω0 = 2π × 4− 0.4 kHz.
Although the trap potential is in general different for the two rotational qubit states, as
assumed above, there exists a specific offset field value – a “sweet spot” – for which the trap
curvature is the same. (This occurs at Eoff, sweetDC ≈ 3~B/µ.) When the trap is biased at this
sweet spot,
∣∣∂ω0
∂E
∣∣ = 0 for the lowest vibrational levels of the trap. The second order term is
given by
∣∣∣∂2ω0∂E2
∣∣∣ ≈ 0.1µ2/(~2B). In CaBr this is given numerically by ∆ω0/E2DC = 2π×100 Hz
(V cm−1)−2. Decoherence due to voltage noise can thus be vastly reduced by operating at the
sweet spot, where δω0 ≈
∣∣∣∂2ω0∂E2
∣∣∣
(
V eff
RMS
w
)2
and γV,2 ∼ δω0 is below the 1 Hz level. Operation
at the sweet spot comes with the modest expense of reducing the maximum possible trap
depth by a factor of 4.
Molecular motion also causes variations in the qubit level splitting, and thus also dephases
rotational qubits. If the molecule is in its motional ground state, n¯ = 0, it can be kept there
during microwave manipulation of the qubit (provided the excitation rate is slower than the
trap frequency). In the case of finite molecular temperature the rotational superpositions
will dephase with characteristic rate γT ∼ (ω2t /B)n¯2. If n¯ ∼ 1 and ωt ∼ 2π × 5 MHz, then
γT ∼ 2π × 1 kHz. Thus, cooling of the molecular motion is crucial for long-lived rotational
coherences.
Single qubit quantum gates can be accomplished by driving rotational transitions with
oscillating electric fields. During such a gate operation (driven at Rabi frequency Ω), the
error probability p is bounded by p ≤ (γ∗/Ω)2 per single Rabi cycle, where γ∗ ≡ γT + γV,2
is a total dephasing rate for rotationally encoded qubits. Taking e.g. Ω ∼ 2π × 1MHz
(consistent with all constraints on the system), we find that p is negligible for our operating
conditions.
Finally, we note that for quantum storage the qubits can also be encoded in hyperfine or
Zeeman spin sublevels of a single rotational state, in which low dephasing can be obtained
even away from sweet spot. As discussed below such encoding might facilitate scalability
of the polar molecule quantum computer. Our example case of CaBr has one nuclear spin
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I = 3/2 and one unpaired electron spin, with molecular state 2Σ+. Figure 1a shows the
energy levels of selected states in an electric field. Within a broad range of electric field
values, the value of
∣∣∂ω
∂E
∣∣ for transitions between hyperfine sublevels with MF3 = 0 is ∼ 103
smaller than for rotational transitions away from the ”sweet” spot. Zeeman sublevels whose
splittings are completely insensitive to electric fields also exist (although these introduce
new features beyond the scope of this paper). Note that hyperfine level degeneracies do not
impose additional restrictions on one-bit gate speeds; for CaBr near the “sweet spot”, the
rotational transitions differ by δωh ≈ 15 MHz for two hyperfine states.
Long-range quantum coupling of molecular qubits
We now consider coherent interaction of polar molecules through the capacitive, elec-
trodynamic coupling to superconducting transmission line resonators [24]. For simplicity,
we consider a
√
SWAP operation between a pair of rotational qubits. As illustrated in
Fig. 4, we use an off-resonant interaction with detuning ∆ between resonator and qubit,
with the molecules located at voltage nodes along the resonator. Assuming ∆ ≫ g and
adiabatically eliminating the resonator degree of freedom, we find an interaction of the form
Hint =
g2
∆
(
σˆ+1 σˆ
−
2 + σˆ
−
1 σˆ
+
2
)
, where g
2
∆
is the interaction rate and σˆ−i = |1〉〈2|i is the lowering
operator for ith molecule. This effective exchange interaction can be used to map coherent
superpositions from one quantum bit to another in time τ = pi∆
2g2
, thus enabling a universal
two-qubit gate [35]. Note that at large molecule-resonator detuning (∆≫ κ), the resonator
mode is only virtually occupied, so that cavity decay has little effect: the probability of
error due to spontaneous emission of a photon during the two-bit gate is psp = κ
g2
∆2
τ . While
slower gate speed (at large detuning ∆) results in reduced psp, it also results in increased
probability of dephasing pdep = (γ
∗τ)2. The overall probability of error perr = psp + pdep is
minimized by choosing ∆∗ =
(
g4κ
piγ∗2
)1/3
, resulting in a total error probability perr ≈
(
κγ∗
g2
)2/3
.
For example, with κ = 2π × 10 kHz (Q = 106), g = 2π × 200 kHz, and γ∗ ∼ 1 kHz we
find that at the optimal detuning a probability of error is well below one percent. Thus,
high-fidelity two-qubit operations between remote qubits are possible.
State-dependent detection
The presence of a trapped molecule, as well as its internal state, can be detected by mea-
suring the phase shift of an off-resonant microwave field transmitted through the resonator.
The dispersive interaction of the dipole and resonator leads to a state-dependent phase shift
of the resonator field [21], implementing a near-perfect quantum non-demolition (QND) mea-
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surement of the qubit state. This method has already been used to detect superconducting
qubits [3], and it can also be applied to detecting the quantum state of the molecules with
high signal to noise ratio. For example, with Q = 106 and for a detuning of ∆r = 2π × 5
MHz, the phase shift of a microwave probe beam is θ0 = tan
−1[2g2/κ∆r] ∼ 10 degrees. This
phase shift can be measured using a probe beam with up to ncrit = ∆
2
r/4g
2 ∼ 1000 photons,
or an incident power Pread = ncrit~ω0κ ∼ 10−15 Watts. The signal to noise ratio in one
cavity lifetime is given by SNR = sin2[θ0](ncrit/namp) ∼ 2, where namp = kBTN/~ω0 ∼ 20 is
the noise added by a cryogenic amplifier with a noise temperature of TN ∼ 5 K. During the
readout, the rotational state of the molecule can still decay by spontaneous emission via the
cavity at a rate γκ = κ
g2
∆2r
, leading to a lifetime T1 = 1/γκ ∼ 50 ms; here the maximum SNR
of the measurement is improved by a factor κ/γκ ∼ 5, 000, showing that very high fidelity
(> 99%) readout is feasible.
Potential for scaling quantum circuits
In order to realize scalable quantum information processors, or to implement quantum
error correction on logical qubits and high fidelity quantum gates, the physical qubits need
to be connected to each other through quantum channels. In addition, quantum information
needs to be moved around the network efficiently. To implement a logical qubit suitable for
error correction, one requires the proximity of several physical qubits, any pair of which
can be subjected to a quantum gate. A possible solution involves an array of storage zones
where molecules are trapped, cooled and initialized via their coupling to stripline resonators.
Furthermore, in analogy to ion trap approaches [36], qubits stored in hyperfine or Zeeman
sublevels of a single rotational state may be moved to interaction zones using electrostatic
gates. Moving and coupling of qubits could be achieved by patterning multiple EZ traps in
the gap between the two ground planes of a stripline resonator.
In this scheme, we envision qubit transport in hyperfine/Zeeman states to relevant in-
teraction zones and processing in rotational states. When a particular qubit is needed to
perform a quantum operation, it can be transferred from storage to a rotational state using
frequency selective microwave transitions. Taking the example of CaBr encoded in hyperfine
states, dephasing from either voltage noise or finite temperature of the molecule is suppressed
during storage and transport to very low levels. Specifically, over a broad range of electric
field values, a hyperfine qubit associated with a motionally excited molecule will dephase
at a rate scaling as γhfT ∼ ωtn¯/103. This implies that for reasonably cold molecules, n¯ = 1,
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trap potentials can be changed adiabatically (i.e. with negligible motional heating) on time
scale much faster than qubit dephasing. The hyperfine qubit can be transfered to rotational
states when the molecule is brought back to the ”sweet spot”. Finally, we note that it
may be possible to cool the molecule’s motion without destroying hyperfine/Zeeman state
coherence, provided that the detuning between cavity and qubit is much larger than hyper-
fine/Zeeman level splitting. Thus, potentially scalable quantum circuits could be designed
using polar molecules as quantum bits and superconducting resonators as the quantum bus
connecting these qubits.
Outlook
In this work, we have proposed an avenue in which the principal respective advantages of
isolated atomic and mesoscopic solid state systems can be combined. The resulting system
provides tightly confined, coherent quantum systems with a high degree of control. Cooling
and coherent manipulation of the quantum states of single molecules, as well as coherent
coupling of molecules to one another, can be achieved near the surface of a superconducting
chip using DC and microwave electric fields. We have shown that these techniques can be
combined to yield a novel approach to quantum computation and that appropriately cooled
molecules should have excellent coherence properties even in close proximity to the surface.
Achievement of long distance entanglement of molecular qubits via exchange of microwave
photons provides a complimentary approach to the shuttling of ions in segmented traps,
which underlies the scalability of the ion trap quantum computer [8].
A number of other interesting avenues can be considered. For example, the excellent co-
herence properties of hyperfine states of polar molecules may provide a long-term quantum
memory for solid-state qubits. Specifically, coupling to a stripline resonator can be used to
map the quantum state of a superconducting qubit [3, 4, 5] to the state of either a single
molecule, or perhaps also of a collective excitation of a small molecular ensemble through
a collectively enhanced process[37]. In addition, this approach can be used to provide an
interface to “flying” qubits. Molecular microwave-frequency qubits can be mapped via a
Raman process to single photons in the infrared or optical regime (corresponding to vibra-
tional and electronic molecular transitions, respectively)[38]. In addition, novel approaches
to controlled many-body physics can be envisaged. Tightly confined polar molecules in high
aspect ratio EZ traps can be used to realize a one dimensional quantum system with strong,
long-range interactions. Coupling to the stripline may provide a novel tool for preparation
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of such strongly interacting systems, as well as for detecting the resulting quantum phases
[39].
We emphasize that the approach described here is unique in that it combines tight lo-
calization, fast manipulation, and electrical gate control, unprecedented for AMO systems,
with the exceptional coherence properties which are uncommon for condensed matter ap-
proaches. While the techniques for production of cold polar molecules are not developed
as well as those for charged ions and neutral atoms, exciting recent experimental progress
indicates that the ideas proposed here are within experimental reach.
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Methods
Sideband cooling through enhanced spontaneous emission
We assume the molecule is in a harmonic trap of frequency ωt, a distance z above a
stripline resonator of resonant frequency ω, as shown in Fig. 3a. The resonator is tuned
close to the resonance frequency ω0 of the molecular dipole transition |1〉 → |2〉. The height
of the molecule above the resonator can be written as z = z0+ zˆ, where zˆ is the displacement
from equilibrium position in the trap. We write zˆ = a0xˆ. Then xˆ = (bˆ+bˆ
†) is a dimensionless
position operator, with pˆ = −i(bˆ− bˆ†) its conjugate momentum, so that in the ground state
∆x = ∆p = 1. Introducing the effective Lamb-Dicke parameter η = a0/z0 ≪ 1 in analogy
with sideband cooling in ion traps[29], we have g(xˆ) = g0 [1− ηxˆ+O[η2]]. For our nominal
parameters we find a0 ≃ 3 nm, so that for CaBr trapped at z0 = 100 nm, η ≃ 0.03.
For cooling, the resonator is pumped by an external field tuned to the red sideband, while
the resonator field is resonant with the dipole transition, as shown in Fig. 3a. The coupling
of the resonator field to the molecular dipole is described by the interaction Hamiltonian
Hˆ = ωtb
+b− + g0
(
aˆ†σ− + σ+aˆ
)
+ ηg0xˆ
(
aˆ†σ− + σ+aˆ
)
.
A general analysis based on perturbation theory using the small parameter η can be used to
obtain the cooling rates [40]. We can also obtain approximate analytic expressions for the
cooling rates in a simple regime of sideband cooling when ωt ≫ κ ≫ g0. In this case the
cavity field can be adiabatically eliminated, resulting in effective spontaneous decay of the
excited rotational state at rate γsp = 2g
2/κ. The sideband excitation rate R from a coherent
microwave drive with Rabi frequency Ω is given by R = η2Ω2/γsp. The cooling rate is then
given by Γc = γspR/(2R+γsp)→ γsp/2 in the limit of strong driving. This rate is ultimately
limited by cavity decay κ/2 when the strong coupling regime is reached.
The resonator and trap degree of freedom exchange quanta until they equilibrate to the
same mean number of quanta, which is set by the background (e.g., thermal) number of
photons in the microwave cavity. Note that while we describe here only cooling of the
degree of freedom perpendicular to the chip surface, similar considerations can be applied
to all trap degrees of freedom. Finally, we note that the trapping potentials experienced
by the molecule in the upper and lower states may be different. However, sideband cooling
can still occur in this regime and leads to similar cooling rates and final temperatures as
described above.
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Effect of surface on trapped molecules
For a molecule at a small distance z above a conducting surface (z < ω/c, where ω is the
frequency of the dominant transition contributing to the dipole moment), there is a van der
Waals (VDW) potential due to the attraction of the molecule to its image dipole [41]. The
potential is given approximately by
U(z) =
µ2
4πǫ0(2z)3
=
C3
z3
≈ 20 [µm
3]
z3
nK, (1)
for CaBr. Note that retardation does not modify the potential on the micron scale, unlike in
the case of atoms, because of the long wavelength of the transition which contributes most
to the dipole moment. In addition, the trap frequency is modified by the z−3 potential and
becomes ω′t =
√
ω2t − 12C3mz5 for a harmonic potential centered at z0. At z0 = 100 nm and
ωt = 2π×6 MHz, the change in the trapping frequency ∆ωt/ωt ≪ 1% and there is no effect
on the trap depth due to the VDW interaction. The trap depth begins to be affected for
the case of smaller z0 or weaker confinement. For example, for z0 = 100 nm and ωt = 2π×1
MHz, the van der Waals potential shifts the trapping frequency by 2% and reduces the
maximum trap depth from ∼ 3 mK (set by the surface at z=0) to < 1 mK.
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Caption to Figure 1
Molecular structure and level shifts of CaBr relevant to the proposed schemes.
a. Stark shifts of rotational levels in an applied electric field, showing the trappable states
|1〉 ≡ |N = 1, mN = 0〉 and |2〉 ≡ |N = 2, mN = 0〉 (weak field seekers). The dotted line
marks the field value EDC = Eoff, sweetDC for which the effective dipole moments of the weak
field seeking states are the same. Splittings due to electron and nuclear spin are too small
to see on this scale.
b. Spin-rotation and hyperfine structure of Ca79Br in a strong electric field. Energies shown
are for EDC = Eoff, sweetDC = 4 kV cm−1. The effects of electron and nuclear spin are determined
by the spin-rotation Hamiltonian [42] Hspin−rot = γsrN · S and the hyperfine Hamiltonian
Hhfs = bS · I+ cSz′Iz′ − e ∇E ·Q, where zˆ′ is the molecular fixed internuclear axis, and the
final term is the scalar product of two second rank tensors representing the gradient of the
electric field at the location of the bromine nucleus and the electric quadrupole moment of
that nucleus. For Ca79Br, the size of the spin-rotation and hyperfine terms are comparable:
γsr = 90.7 MHz, b = 95.3 MHz, c = 77.6 MHz, and the electric quadrupole coupling constant
(eqQ)0 = 20.0 MHz[43]. For large enough electric fields (such that µEDC ≫ γsr), the nuclear
spin I and electron spin S decouple from the rotational angular momentum N , while they
couple to one another to form F3 = S + I(= 1, 2 for CaBr).
Caption to Figure 2
a. EZ-trap design. The thin wire-like electrodes biased at ±Vtrap generate the strong local
electric field gradients needed for trapping. A radial quadrupole field is created by the long
sides of the electrodes, in combination with a transverse bias electric field Ebias (created by
the large electrodes with applied voltages ±Vbias). This part is an electrostatic analog of
the magnetic guides developed for “atom chips”. Axial confinement is achieved by curving
each electrode at the end and bringing it closer to the oppositely charged electrode, creating
an increased electric field. Like its magnetic counterpart, the trap is of the Ioffe-Pritchard
type: there is no field zero, which avoids dipole flips from the field-aligned to the anti-aligned
state (i.e. a “Majorana hole”, which would enable coupling to the untrapped states with
mN 6= 0).
b. Zoomed-out view of the EZ trap, integrated with a microwave stripline resonator. The
ground planes of the resonator are biased at the DC voltages ±Vbias + Voffset, giving rise to
the bias field Ebias for the EZ trap. The offset voltage Voffset is used to bias the central pin
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and adjust Vfloat. In the region shown, which is of size much smaller than the wavelength of
the microwave photons carried by the stripline, the width of the central pin of the stripline
resonator is gradually reduced and deformed to the shape of one of the L-shaped electrodes
of the EZ trap. The second L-shaped electrode necessary to form the EZ trap is made of
a thin wire like electrode overlaid on one of the conducting ground planes. This electrode
can behave as a continuation of the ground plane for AC voltages at microwave frequencies,
while at DC it can be independently biased at the voltage Vtrap, thereby completing the EZ
trap. The overall effect of the region where the central pin is thinner is a slight change in
the capacitance per unit length, without significantly affecting the quality of the resonator.
FIG. 1: Structure of selected rotational states of CaBr in an electric field
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FIG. 2: Electrostatic Z-trap (EZ-trap).
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